The influences of human and physical factors on species invasions have been extensively examined by ecologists across many regions. However, how habitat fragmentation per se may affect forest insect and disease invasion has not been well studied, especially the related patterns over regional or subcontinental scales. Here, using national survey data on forest pest richness and fragmentation data across United States forest ecosystems, we examine how forest fragmentation and edge types (neighboring land cover) may affect pest richness at the county level. Our results show that habitat fragmentation and edge types both affected pest richness. In general, specialist insects and pathogens were more sensitive to fragmentation and edge types than generalists, while pathogens were much less sensitive to fragmentation and edge types than insect pests. Most importantly, the developed land edge type contributed the most to the richness of nonnative insects and diseases, whether measured by the combination of all pest species or by separate guilds or species groups (i.e., generalists vs. specialists, insects vs. pathogens). This observation may largely reflect anthropogenic effects, including propagule pressure associated with human activities. These results shed new insights into the patterns of forest pest invasions, and it may have significant implications for forest restoration and management.
Introduction
Invasion by nonnative pest species causes enormous harm to native ecosystems worldwide [1, 2] . Not only does intensive land-use drive the regional-scale homogenization of plant communities, but also that of animal communities [2] , especially when both native and nonnative species are considered. To date, the activities of humans have been found to be the major drivers in species invasion [3] but most related studies have been conducted at the same trophic level (i.e., effects of nonnative plants on native plants) and/or over small scales. The net contribution of habitat fragmentation (natural vs. anthropogenic) and cross-trophic effects (i.e., effects of plants on animals) is much less clear. Previous cross-trophic-level studies on invasion patterns in the forest systems of the United States have examined the effects of propagule pressure, habitat invasibility, and climate conditions on pest richness [4] [5] [6] [7] [8] . These studies have investigated the effects of anthropogenic and environmental variables, including human population density, native host, and non-host tree diversity and biomass, forest area, mean annual temperature and precipitation, and elevation [3] . However, mounting evidence shows that landscape mosaics (e.g., those caused by habitat fragmentation) are expected to play a role in the spread of invasive species. Also, different from effects of invasions of same-trophic species, cross-trophic invasions such as insect/disease invasions that cause harm to native plants are much more complex and difficult to study [3] .
Indeed, researchers are becoming increasingly more interested in the possible effects of landscape spatial structures. In addition, many natural landscape structures or mosaics have been altered due to human activities that form new edges and cause more fragmentation. Although habitat loss is still regarded as the major cause of species loss, most studies around the world have found positive responses of various related variables (e.g., biodiversity) to habitat fragmentation; such positive responses are not generally related to the habitat area [9] .
In addition to the effects of natural fragmentation, conservation practitioners are especially concerned about fragmentation caused by humans. It is expected that anthropogenic fragmentation, which increases overall fragmentation, could have different effects on ecosystem properties than fragmentation caused by natural forces [10] . Furthermore, a recent study found synergism among anthropogenic causes such as roads and adjacent land uses affecting forest plant invasions, suggesting that different pools of invasive plant species originated from different nearby land uses, thereby increasing the potential exposure of forested areas within heterogeneous landscapes [11] .
Studies on edge and fragmentation effects are numerous, but are mostly small-scale surveys or experiments [9, 12, 13] ; no continental-scale study has specifically examined the effects of habitat fragmentation per se, especially on species invasions. Yet, human activities have no doubt increased overall habitat fragmentation [9, 14] , and more importantly, such habitat fragmentation creates more new neighboring land cover types and habitats, and thus increases the diversity of edges. The different types of edge/neighbors may play different roles by either facilitating or hampering pest invasions [12, 13, 15, 16] . Here, we specifically examine the possible effects of habitat fragmentation on forest pest invasions across the United States. Habitat fragmentation considers that caused by both natural and anthropogenic forces [10] . We ask three main questions: (1) Does habitat fragmentation affect nonnative forest pest invasions across the United States? (2) What is the role of neighboring habitat types in forest pest invasions? (3) What are the implications of the fragmentation-invasion relationship in forest management?
Materials and Methods

Forest Pest Data
We used the county-level information for 91 species of non-native forest insect herbivores and forest pathogens known to cause damage across the United States (48 states and 2098 counties for which forest insects and diseases were present, and data were available) from the Alien Forest Pest Explorer database [17] . We then selected and analyzed county occurrence data on 66 pest species that primarily utilize native tree species (Table S1 ) [3] . These are insects and pathogens that feed on foliage, sap, phloem or wood, and exclude predators, pollinators, and detritivores.
To examine the possibly different responses of different pest groups, the 66 species were first classified into specialists (N = 41) and generalists (N = 25), based on feeding preferences. The latter also included oligophagous species, i.e., those feeding on two or more genera from the same family, or from closely related families (N = 10). For this analysis, the oligophagous agents were combined with the generalists. The 66 species were further regrouped as pathogens (N = 15) and insects (51), and the insects were classified into three feeding guilds (i.e., 26 defoliators, 14 sap feeders, and 11 wood borers) [3] . Pathogens accounted for 24% (6/25) and 21% (9/41) among the generalists and specialists, respectively.
Habitat Fragmentation Data
We compiled a county-level forest fragmentation dataset using 2011 national land cover data [18, 19] . The land cover maps were derived primarily from Landsat satellite images [20] supplemented by ancillary geographic data. They were produced at a spatial resolution of 0.09 ha per pixel with a thematic resolution of 16 land cover classes. We aggregated the 16 land cover classes into five classes called forest, developed, agricultural, grass-shrub, and "other" (Table S2 ). The classification accuracy of the five aggregated classes [21] was deemed to be adequate for this study. The class "other" was ignored in subsequent analysis (Figure 1 ).
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Figure 1.
Illustrations of (a) morphological spatial pattern analysis classes, and (b) calculation of forest adjacencies. In (a), each pixel is labeled by the indicated class; in (b), an "edge" refers to an adjacent pair of pixels (cardinal directions), the edges not involving forest are ignored, and each pixel is characterized by the edges in its unique surrounding "window".
From the land cover map, we derived metrics that described the total forest area, forest spatial patterns, and forest adjacencies (types of forest edge, or "edge type"). Forest area was expressed as the total county area with forest land cover. Forest spatial patterns were forest area (number of pixels occupied) in a given county in each of three pattern classes (core, islet, and edge) determined by morphological spatial pattern analysis (MSPA; [22] ) (Figure 1a ). The MSPA class "core" refers to a forest pixel that is more than 30 m (one pixel) away from non-forest. Pixels in the class "islet" comprise contiguous clusters of forest pixels that are too small to contain a core. Pixels in the "edge" class are all of the remaining forest pixels, including interior and exterior edges, and narrow connecting structures. Note that an islet pixel is different from an edge pixel, only because the edge is connected in some way to a core forest cluster, whereas an islet is not connected to the core forest. From those measurements, we also calculated the core/edge area ratio at the county level.
Following procedures used in a previous global assessment [10] , we used a moving window algorithm to evaluate the forest adjacencies in the unique 9.92 km 2 neighborhood surrounding each forest pixel on the land cover map (Figure 1b) . A forest adjacency was defined by the land cover type that was adjacent to a given forest pixel in one of the four cardinal directions. The five possible adjacencies were forest|forest, forest|developed (Fxde), forest|agriculture (Fxag), forest|grass-shrub (Fxgs), and forest|other. In a given window, each adjacency was counted once (i.e., the spatial order of the pixels was ignored) and the total number of forest adjacencies was the sum over all five types of adjacencies. The percentages of total forest adjacencies that involved developed land cover (Fxde), agricultural land cover (Fxag), and grass-shrub land cover (Fxgs) were then calculated in each window. These percentages are thus indicative of both total fragmentation (i.e., the magnitude of forest adjacencies that are not forest|forest adjacencies) and the relative importance of different fragmenting land covers. Since the percentages were calculated for the neighborhood surrounding each forest pixel, we aggregated the percentages to the county level by finding the mean percentage of each forest adjacency type for all forest pixels in a given county. Thus, at the county level, the adjacency metric indicates the type and importance of fragmenting agents for an "average forest edge" in the county. , an "edge" refers to an adjacent pair of pixels (cardinal directions), the edges not involving forest are ignored, and each pixel is characterized by the edges in its unique surrounding "window".
From the land cover map, we derived metrics that described the total forest area, forest spatial patterns, and forest adjacencies (types of forest edge, or "edge type"). Forest area was expressed as the total county area with forest land cover. Forest spatial patterns were forest area (number of pixels occupied) in a given county in each of three pattern classes (core, islet, and edge) determined by morphological spatial pattern analysis (MSPA; [22] ) ( Figure 1a ). The MSPA class "core" refers to a forest pixel that is more than 30 m (one pixel) away from non-forest. Pixels in the class "islet" comprise contiguous clusters of forest pixels that are too small to contain a core. Pixels in the "edge" class are all of the remaining forest pixels, including interior and exterior edges, and narrow connecting structures. Note that an islet pixel is different from an edge pixel, only because the edge is connected in some way to a core forest cluster, whereas an islet is not connected to the core forest. From those measurements, we also calculated the core/edge area ratio at the county level.
Following procedures used in a previous global assessment [10] , we used a moving window algorithm to evaluate the forest adjacencies in the unique 9.92 km 2 neighborhood surrounding each forest pixel on the land cover map (Figure 1b) . A forest adjacency was defined by the land cover type that was adjacent to a given forest pixel in one of the four cardinal directions. The five possible adjacencies were forest|forest, forest|developed (Fxde), forest|agriculture (Fxag), forest|grass-shrub (Fxgs), and forest|other. In a given window, each adjacency was counted once (i.e., the spatial order of the pixels was ignored) and the total number of forest adjacencies was the sum over all five types of adjacencies. The percentages of total forest adjacencies that involved developed land cover (Fxde), agricultural land cover (Fxag), and grass-shrub land cover (Fxgs) were then calculated in each window. These percentages are thus indicative of both total fragmentation (i.e., the magnitude of forest adjacencies that are not forest|forest adjacencies) and the relative importance of different fragmenting land covers. Since the percentages were calculated for the neighborhood surrounding each forest pixel, we aggregated the percentages to the county level by finding the mean percentage of each forest adjacency type for all forest pixels in a given county. Thus, at the county level, the adjacency metric indicates the type and importance of fragmenting agents for an "average forest edge" in the county.
Data Analysis
To examine the effects of habitat fragmentation on pest richness, we conducted ordinary-leastsquares (OLS) estimation and spatial autoregression analyses (SAR) that took both independent variables and autocorrelation (space) into account. Autocorrelation was included because counties next to each other are likely to be more similar than should be expected at random, and they were measured based on the geodesic distances among the 2098 counties. We then compared the results and corrected Akaike Information Criterion (AICc) values in both analyses (lower AIC C values indicate better model fits). For comparison, we also did the same analyses by using the proportional (%) data (e.g., core vs. edge). To meet the requirements (e.g., normality) of regression analysis, all data were log-transformed before analysis.
Results
Effects of Fragmentation
We detected a negative effect of forest edge on nonnative pest richness, but the areas of forest, core, and islet had no significant effects on pest richness (Table 1 ). Both fragmentation measures, i.e., "core/edge ratio" and "core/(islet + edge) ratio", exhibited similar positive relationships with pest richness (r 2 = 0.031, p < 0.0001 and r 2 = 0.046, p < 0.0001, respectively; Figure 2 ). Using proportional (%) values of core, islet, and edge yielded similar results. Table 1 . Effects of forest fragmentation and edge types on pest richness across the forests in the conterminous United States based on the ordinary-least-squares (OLS) estimation and spatial autoregression analyses (SAR). Data were aggregated to the county level (N = 2098) and were log-transformed before analysis. Forest edge types: Fxag = forest|agriculture, Fxde = forest|developed, and Fxgs = forest|grass-shrub. 
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We detected a negative effect of forest edge on nonnative pest richness, but the areas of forest, core, and islet had no significant effects on pest richness (Table 1 ). Both fragmentation measures, i.e., "core/edge ratio" and "core/(islet + edge) ratio", exhibited similar positive relationships with pest richness (r 2 = 0.031, p < 0.0001 and r 2 = 0.046, p < 0.0001, respectively; Figure 2 ). Using proportional (%) values of core, islet, and edge yielded similar results. Table 1 . Effects of forest fragmentation and edge types on pest richness across the forests in the conterminous United States based on the ordinary-least-squares (OLS) estimation and spatial autoregression analyses (SAR). Data were aggregated to the county level (N = 2098) and were logtransformed before analysis. Forest edge types: Fxag = forest|agriculture, Fxde = forest|developed, and Fxgs = forest|grass-shrub. Specialists and generalists exhibited different responses to fragmentation and, in general, specialists were more sensitive to fragmentation than generalists, as indicated by significant responses to both core and edge areas, while generalists only responded significantly to islet areas (Table 2) . While forest area had a positive effect on specialist richness, the core area's effect was negative. For generalists, however, the only negative effect was from the islet area; forest area, core area, and edge area had no effects (Table 2) . Table 2 . Effects of forest fragmentation and edge types on pest richness (generalists vs. specialists) across the forests in the conterminous United States, based on the ordinary-least-squares (OLS) estimation and spatial autoregression analyses (SAR). Data were aggregated to the county level (N = 2098) and were log(x + 1)-transformed before analysis. We found major differences between nonnative pathogens and insects in terms of their responses to fragmentation. In general, pathogens were negatively affected by edge pixel area. For insect richness, while forest area had a positive effect, all others measures such as core, islet, and edge areas had negative effects (Table 3 ). The insect guilds also exhibited very different responses to fragmentation. Defoliators were positively influenced by forest area, but negatively by islet area. Sap feeders were positively affected by forest area, while wood borers were positively related to islet area but negatively to edge area (Table 4) . Table 3 . Effects of forest fragmentation and edge types on pest richness (pathogens vs. insects) across the forests in the conterminous United States based on the ordinary-least-squares (OLS) estimation and spatial autoregression analyses (SAR). Data were aggregated to the county level (N = 2098) and were log(x + 1)-transformed before analysis. 
Variable
OLS
Edge Effects
There were major differences among forest edge types in the patterns of pest invasions (richness). Forest edges with neighboring developed land had a positive influence on pest richness, while forests with grass/shrub edges had significantly lower nonnative pest richness. Agricultural edge had no significant effect (Table 1) .
Specialists and generalists also exhibited some different responses to edge types. Both agricultural and developed edges had positive relationships with generalist richness, but grass/shrub edge had a strong negative effect. For specialists, while the effects of developed and grass/shrub were the same as for generalists, agricultural edge had no significant effects (Table 2) .
Both nonnative pathogen richness and insect richness were similarly affected by developed edge (positive) and grass/shrub edge (negative), and there was no significant effect from agricultural edges ( Table 3 ). All three insect guilds also showed similar and significant responses to edge types. Specifically, the three guilds were all positively affected by developed edges, and negatively by grass/shrub edges. However, agricultural edges positively affected defoliators and negatively affected sap feeders, and had no effect on wood borers (Table 4) .
Finally, when forest edges were regrouped as natural (grass/shrub) and anthropogenic (agriculture and developed areas), the former had a negative, and the latter had a positive effect on overall pest richness ( Figure 3) . Also, in all analyses, when spatial autocorrelation was taken into account, the AICc values were much lower, indicating better fitted models (Tables 1-4) . Specialists and generalists exhibited different responses to fragmentation and, in general, specialists were more sensitive to fragmentation than generalists, as indicated by significant responses to both core and edge areas, while generalists only responded significantly to islet areas (Table 2 ). While forest area had a positive effect on specialist richness, the core area's effect was negative. For generalists, however, the only negative effect was from the islet area; forest area, core area, and edge area had no effects ( Table 2) .
We found major differences between nonnative pathogens and insects in terms of their responses to fragmentation. In general, pathogens were negatively affected by edge pixel area. For insect richness, while forest area had a positive effect, all others measures such as core, islet, and edge areas had negative effects ( Table 3 ). The insect guilds also exhibited very different responses to fragmentation. Defoliators were positively influenced by forest area, but negatively by islet area. Sap feeders were positively affected by forest area, while wood borers were positively related to islet area but negatively to edge area (Table 4) .
Finally, when forest edges were regrouped as natural (grass/shrub) and anthropogenic (agriculture and developed areas), the former had a negative, and the latter had a positive effect on overall pest richness ( Figure 3) . Also, in all analyses, when spatial autocorrelation was taken into account, the AICc values were much lower, indicating better fitted models (Tables 1-4) . 
Discussion
Our results from a subcontinental analysis of forest ecosystems in the United States show that habitat fragmentation clearly influences the likelihood of nonnative pest invasions. The variation of overall pest richness across the forests reflects the net results of all component species showing positive, negative, and neutral responses to forest fragmentation and edge type (e.g., developed land/agriculture vs. grass/shrub) encountered [15] . In our study, the positive correlation of developed land area as edge (Fxde) with pest richness could be due to the propagule pressure related to human activities (e.g., disturbed land and ornamental plants associated with development).
Our study is different from previous studies, based on a single forest type or focusing on smallerscales, including experimental studies [23] . When all forests across the entire the 48 conterminous US were considered, we found clear effects of habitat fragmentation on forest pest invasions. Most previous studies found positive responses between habitat fragmentation and variables, such as habitat diversity, landscape complementation, overall biodiversity, or individuals/populations of certain species [9] . In our analysis, the classes (core, islet, edge) described the structural role played by a forest pixel, in the context of other forest pixels. This may indicate some underlying mechanisms that have not been examined previously.
Given the strong signal of effects from developed edges, it may seem surprising that the effect of overall anthropogenic edges on insect/disease invasions was not as strong. Additionally, forest borders on a small scale have been found to be preferable habitats for both wood-boring and leaf-feeding insects, possibly because they provide a high variety of microsites and woody plant species [24] . Our results could be explained by the relatively minor impact of agricultural edges alone, and the recognition that most anthropogenic edge was agricultural and not developed. It is worth noting, however, that the positive relationship that we detected between defoliator diversity and agricultural edges, unlike for the other two insect feeding guilds, is consistent with previous work that showed the richness of leaf-feeding insects increased with agricultural land-use intensity, possibly the result of a decrease in natural predators along the intensity gradient [25] .
The stronger responses of specialists to fragmentation and edge type than by generalist pests seem easier to understand. They could be due to the possibility that specialists are more responsive to higher host richness [26] and the possibility of the reduced abundance of unique host plants in more fragmented habitats and at forest edges (or ecotones) [15, 27] . The positive relationship between specialists (but not generalists) and forest area is probably related to the presence of more hosts in greater amounts of forest, but the negative relationship with core area could reflect their preference for higher fragmentation.
Pathogens were much less sensitive to fragmentation and edge type than insect pests, which could be at least partly due to the fact that they are better dispersers [28] . However, both groups of species have similar proportions of generalists vs. specialists, thus the differences in their responses to fragmentation and edge type cannot be attributed to their species composition in terms of host specificity.
Difference in responses among insect guilds to landscape spatial structure were previously observed in smaller-scale studies [12] . For example, in a fragmentation experiment, Golden and Crist (1999) found that the species richness of sucking herbivores and the abundance of parasitoids declined with fragmentation, but that predators and chewing herbivores were not affected. They attributed the differences to habitat specificity requirements of guild members [23] . Similarly, Novais et al. (2016) found differences in the effect of canopy cover on different insect guilds, with percent canopy cover being positively associated with the richness of leaf-feeding insects, and negatively associated with the richness of sap-feeding insects, and with no significant relation to wood-boring insect richness [29] . These relationships, they concluded, depended in large part on the specific characteristics of the tropical agroforestry system they were studying and of the insect species present.
In general, we could attribute the differences among different groups or guilds to four major factors: (1) feeding preference associated with the nutrient characteristics and abundance of plant species at different edge types [30, 31] ; (2) chemical and mechanical defense mechanisms of the plants at forest edges (e.g., due to the different plant species compositions and associated herbivores) [32] ; (3) predation risk on pests associated with certain predators and their abundance at different edges (including the "natural enemies hypothesis" prediction that higher plant diversity systems support more insect predators that more effectively control herbivore populations [29, 33] ), and (4) pest ecophysiological and life-history traits that are associated with ecological features and physical positions (i.e., forest layers) at forest edges [34] .
We observed some differences in nonnative plant vs. pest invasions, although the related studies are at different scales (plot vs. county). For example, in a recent study of road effects on nonnative plant invasions in the forests of eastern United States, Riitters et al. found that nearby agriculture or developed land significantly increased the possibility of nonnative plant invasion at the plot level. In our study at the county-level, agriculture land as an edge or neighbor had a negative effect on forest insect/disease invasion (measured in richness) ( Table 1 ). However, Riitters et al. concluded that the effect of a road is not as important as the overall landscape context (mosaic) associated with a road network, because when agriculture and developed lands occur together, invasion is increased over each land type alone [11] . For pest invasions, it is also expected that the overall landscape matrix or mosaics will be a major factor affecting invasions, although their importance may be scale-dependent [12] .
Finally, the history of land use and fragmentation has not been fully incorporated into our fragmentation and pest invasion analyses, opening an excellent opportunity for further exploration in the future. Another urgent task would be to monitor individual pest species and to assess how they may respond to forest fragmentation and different edge types, especially those made by humans. Furthermore, other critical knowledge gaps exist, especially those that are related to scale or resolution. For example, higher resolution (e.g., plot-level) analyses on forest insect/disease invasion would reveal more detailed information regarding fragmentation and edge effects on invasive species.
Our findings have significant implications for large-scale habitat restoration, land use, and management. For example, how do other human-made edges such as clearcuttings (from logging) and prescribed burned areas affect forest habitat invasibility? Also, future investigations should examine the novel and cross-scale interactions between native and nonnative insects and pathogens, and their interactions with other organisms such as plants, birds, and larger herbivores [35, 36] . Under ongoing climate and land use changes, forest ecosystems may be under greater pressure, or even near tipping points, and research on future fragmentation and edge effects is urgently required.
Conclusions
Our subcontinental-scale analysis showed that habitat fragmentation and the resulting edges of various types clearly affect patterns of nonnative forest insect and disease invasions. More importantly, in addition to commonly recognized edge effects, different types of edges (i.e., neighboring habitats) play a major role in regulating invasion patterns. Particularly, the developed land edge type contributes the most to the richness of nonnative insects/diseases, either as combined or in separate guilds, or as feeding generalists or specialists. This observation may largely reflect anthropogenic influences, including increased propagule pressure associated with human activities. These findings from regional and continental-scale research will help future efforts in managing forest pest invasions, and in guiding ongoing and planned forest restorations [37] .
